® 



® 



Europ&lsches Patentamt 
European Patent Office 
Office europ6en des brevets 




0 Publication number: 



0 552 491 A1 



EUROPEAN PATENT APPLICATION 



© AppHcatioh number: 92121921.8 
@ Date of tiling: 23.12.92 

® Priority: 08.09.92 US 941507 
24.01.92 US 824856 

(Si^^BSfe^oTpublication of application: 
28.07.93 Bulletin 93/30 

® Designated Contracting States: 
DE ES FR GB IT 



® Int. CIA H01J 37/32, H01L 21/311 



0 Applicant: APPLIED MATERIALS, IHC 
3050 Bowers Avenue 
Santa Clara California 95054-3299(US) 

@ Invent^ixQlUD^ 
871 North 19th Street 
San Jo5^,JCal^5112(US) 
Invenf^Yang^han-Lon 

Los GatosJcA45032(US) 
Invetlt^rT^ngJjBrry Yuen-Kul 
44994 Cougar Circle 
Frem^ltfrCA^39(US) 
Inv^^: MarKSj^effrey 
4730CreurVIstaWay 
San J95gE5A=«^US) 
inv^fJwTKeswIcIVTBter R. 
6371-AToaq0tTnSurleta Avenue 
Newaxfcr: CALQ456 0(US) 
lnveiiJw!^roechgl^ W. 
927 Robin Way 
Sunnyvale, Ca 94087(US) 

0 Representative: DIehl, Hermann Dr. et al 
DIehl & Glaeser, Hiltl & Partner 
FlUggenstrasse 13 
W-8000 Munchen 19 (DE) 



0> 
(M 

in 
in 



0 Plasma etch process. 

® . p,as.a reactor c.a..er (IS) ^ranS^na^^^^ 

inductively coupled inside the reactor dome ('J^' J^ f^''^"^^ non-oxygen-containing layers with high 

inside the chamber (16) for etch.ng ^^V^e^^^ J9,,3 cathode sheath voltage 

selectivity. AuxiUa^RF bias energy ap^^^^^^^^ p^,,,33i,g enhancement 

and controls the ion energy independent processes and combined etch/deposrtion 

techniques are c'-losed along w.th o^^^^^^^^^^^^^ ,,3,, a providi^ 
»r:y9^^^^^^^ overU a non-oxygen-containing layer can be achieved 
with high selectivity. 
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licdtion is a continuation-in-part of commonly assigned U.S. patent application Serial No. 
07/824.8^jile^ January 24. 1992. 
- — ftiff'present invention relates to a plasma etch process. The invention is in the field of RF plasma . 
processing reactors and. more particularly, of a plasma reactor which uses a radio frequency (RF) energy 
source for electromagnetically coupling the associated RF electromagnetic wave to the plasma, a silicon 
source being in contact with the plasma, and refers to processes carried out in such a reactor. 

The trend toward increasingly dense integrated geometries has resulted in components and devices of 
very small geometry which are electrically sensitive and susceptible to damage when subjected to wafer 
sheath voltages as small as approximately 200-300 volts due to energetic particle bombardment or 
radiation. Unfortunately, such voltages are of smaller magnitude than the voltages to which the circuit 
components are subjected during standard integrated circuit fabrication processes. 

Structures such as MOS capacitors and transistors fabricated for advanced devices have very thin 
(thickness < 20 nm < 200 Angstroms)) gate oxides. These devices may be damaged by charge-up. 
resulting in gate breakdown. This can occur in a plasma process when neutralization of surface charge does 
not occur, by non-uniform plasma potential/or density, or by large RF displacement currents. Conductors 
such as interconnect lines may be damaged for similar reasons as well. Etching processes carried out in 
conventional plasma etch chambers are also becoming inadequate when very high aspect ratio, i.e., very 
deep and very narrow openings and trenches, must be formed in. or filled with, a variety of semiconductor 
materials. 

RF Systems 

Consider first prior art semiconductor processing systems such as CVD (chemical vapor deposition) 
and RIE (reactive ion etching) reactor systems. These systems may use radio frequency energy at low 
frequencies from about 10-500 KHz up to higher frequencies of about 13.56 - 40.68 MHz. Below about 1 
MHz, ions and electrons can be accelerated by the oscillating electric field, and by any steady state electric 
field developed in the plasma. At such relatively low. frequencies, the electrode sheath voltage produced at 
the wafers typically is up to one or more kilovplt peaks, which is much higher than the damage threshold of 
200-300 volts. Above several MHz, electrons are still able to follow the changing electric field. More massive 
ions, however, are not able to follow the changing field, but are accelerated by steady state electric fields. 
In this frequency range (and at practical gas pressures and power levels), steady state sheath voltages are 
in the range of several hundred volts to 1.000 volts or more.- 



Magnetic Held- Enhancement 

A favorite approach for decreasing the bias voltage in RF systems involves applying a magnetic field to 
the plasma. This B field confines the electrons to the region near the surface of the substrate and increases 
the ion flux density and ion current and, thus, reduces the voltage and ion energy requirements. By way of 
comparison, an exemplary non-magnetic RIE process for etching silicon dioxide might use RF energy 
applied at 13.56 MHz. an asymmetrical system of 10-15 liters volume, 6.6 Pa (50 millitorr) pressure and an 
anode area to wafer-support cathode area ratio of approximately (8-10) to 1. and develop substrate 
(cathode) sheath voltage of approximately 800 volts. The application of a magnetic field of 6 x 10'^ Tesia 
(60 gauss) may decrease the bias voltage approximately 25-30 percent, from 800 volts to about 500-600 
volts, while increasing the etch rate by as much as about 50 percent. 

However, the application of a stationary B field parallel to the substrate develops an E x B ion/electron 
drift and an associated plasma density gradient which is directed diametrically across the substrate. The 
plasma gradient causes non-uniform etching, deposition and other non-uniform film properties across the 
substrate. The non-uniformities may be decreased by rotating the magnetic field around the substrate, 
typically either by mechanical movement of permanent magnets, or by using pairs of electromagnetic coils 
which are driven in quadrature. 90 degrees out of phase, or by instantaneously controlling the current in 
pairs of coils to step or otherwise move the magnetic field at a controlled rate. However, although rotating 
the field reduces the non-uniformity gradient, typically some degree of non-uniformity remains. 

Furthermore, it is difficult to pack coils and, in particular, to pack two or more pairs of coils about a 
chamber and to achieve a compact system, especially when using a Helmholtz coil configuration and/or a 
multi-chamt>er system of individual magnetic-enhanced reactor chambers surrounding a common loadlock. 

A unique reactor system which has the capability to instantaneously and selectively alter the magnetic 
field strength and direction, and which is designed for use in compact multi-chamber reactor systems, is 
disclosed in commonly assigned U.S. Patent 4.842,683, issued June 27, 1989, in the name of inventors 
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* Microwave and microwave for /aUiM 

frequencies >800 MHz and. typic^ f^^ncfer^^^ -"'^"-^ve energy of 

produces a high density plasma J\y^^Tlrl^. h ^ ^'"'"^ ^« 

threshold energy for many proce;ses. s^hT,he rSrionlVr i''. 

energy-enhancing low frequency electrical powe Ts ThS ^ S."!'"""" <^0'^Pensate. 

sTsf::r^ - - 
subsr;r:::~~^^^^^ 

tuners directional couplers, circulators. ^ dlriv toarr«l^ T T •^^"^'"'^^'o". expensive 
's condition for microwave ECR systems operated^ThP r^t T'^^"^' '^'**«'>"a"y. to satisfy the ECR 
8.75 X 10- Tesia (875 gauss/is ZeZ^ r^^^^J^TZ' ' ' -"^Snetic fieW of 

requirements. '«^9e electromagnets and large power and cooling 

^r^%ZT:z!Z ;~ ;r:^s^rr- -^"-^ - - 

» higher cost. Hardware is not readily or economic^Zv JllL ,o ITT ^"^"flf- « 

scale a 12.7 - 15.2 cm (5-6 in.) microwave systerS^uLard ?o 1^^^^^^^^ requencies. As a consequence, to 
requires the use of higher modes of operatiorZ S noT^ r f '"^9^ ^^^'^o^ductor substrates 
modes requires very tight process contS TrvoL so^S ^ '''^her 

and resulting process changes. AltemativerrcaiinTc " hT? ^^7? ^'^her or lower order loads 

5 microwave cavity, by using a diverging maail^c fi j n t„ ^,^^^°"'P"shed. for example, for a 5-6 in 

"'*pirTcr~^^ der^ aSs: "'"^^ ^'-^ ^ 

.iHitorr, ^^c^^s': rZiH ^e X^fgel^r^ CsT' T.^ ^^^^ " ^^^^ Pa (2-3 

0.399 pa (about 2-3 millftorr). This requir^tlS? SS L^^^^^ about 0.266 - 

a.3o requires large vacuum exhaust ^Jst, r:,:^^^^ system, and 

HF Transnr^ission Line Syste m . 

EP appplication 91112917.9 filed July 7 iQQi o^^^^^^ - 
herewith by reference. This irKorporated t^ 'dfscto^^^ a hTf "^^P^^^^^ 
Which the reactor chamber itself is configured n pa^^^^^^^ VHF/UHF reactor system in 

frequency plasma generating energy to the cha^hl,^ transmission line structure for applying high 
transmission line structure pe?mitssf/sf2tio„ of^^^^^^^^ The uniqSJ iSegfi! 

the rnatching network and the load and pem,S 7e !S TrSivP f transmission line between 
enables the efficient, controllable applicatS, o RF / . ^ '^^ frequencies. 50 to 800 MHz. It 

generating commercially acceptable XnVdep^^Tate^^^^^^^^ '^^^ fol 

voltages. The relatively low voltage reduces ^^rhlhT^ T^^^^^ 

geometry semiconductor devices. ?he VHF/?HF svstem a,^^^ ""^'""^ ^"^^ 

as the above-described scalability and poweSS ^^°rtcomings. such 

Pr™:S --i^r^^^^^^^^^^^ -ides a plasma etch 

c.ms are intended to . understcd a^a first ^ ZS^ZS^::]:^^ 

operi;: tv^-t- - ---^ - p-sses to 

processing system comprising a vacuum chambt havinn « !°"^'^"<=<'°" °Peration of an RF plasma 
the Chamber: a source of process gasTn tT^arl iLllT ' ^"PP^'^ ^'^^ 'ode in 

into the source region for generating a plasl ro^said 'f^^^^^^ electromagnetically coupling RF energy 
energy to the substrate support electrode o^ont^Mhe l^^^^^^ T"' ^°"P""9 

a source of silicon in contact with the plasma '°"^9e at the support electrode and 
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Suitably an RF antenna means is adjacent the source region and is coupled to the RF energy source. 
Preferably the chamber of the invention has a triode arrangement comprising an RF cathode in the 
processing region, an anode defined by the chamber walls, and a third electrode which can be electncally. 
floating grounded or connected to RF bias, for enhancing plasma processing. The third electrode and/or 
the chamber walls defining the source region, may be the source of silicon for enhancing process^ su<* 
as oxide etching. Using the apparatus of the invention, plasma etching can be made almost infinitely 
selective, and plasma deposition made void free. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figs. 1-3 are schematic sectional views of several versions of a plasma reactor chamber system of the 
present invention. 

Fig. 4 is a diagram of a tuning circuit 
Fig. 5 is a diagram of a load circuit. 
IS Fig. e is a diagram of a load circuH which applied RF input power. 
Fig. 7 is a diagram of a combination tuning circuit and load circuit 
Rg. 8 is a diagram of another embodiment of a combination tuning circuit and load circuit 
Fig. 9 is a diagram of still another embodiment of a combination tuning circurt and load circuit. 
Fig. 10 is a graph of etch/deposition rate versus bias voltage for silicon oxide and silicon. 
20 Fig. 11 is a wave form of DC bias voltage applied during etching. 

Rg 12 is an alternate embodiment of a wave form of DC bias voHage applied during etdiing. 
Fig. 13 is a horizontal representation of a magnetic array at the dome of the reaction chamber of the 
-invention. 

Rg. 14 A-D are diagrams of various shaped magnetic field lines of systems of the invention. 
25 Rg. 15 A-B are embodiments of Faraday shields useful in the systems of the invention. 

Rg 16 is a block diagram of a control system for various components of the system of the invention. 

The present invention provides apparatus and process for plasma processing that altows improved 
selectivity for etching processes and variability of etching rates, and simultaneous deposition, etch and 
planarization of deposited layers. . ..u- i*^ 

30 In the present chamber, preferably. tF/VHF (low frequency to very high frequency) RF power within the 
range 100 KHz to 100 MHz is used. More preferably. LF/HF power within the range 100 KHz to 10 MHz is 
used. Most preferably. MF (medium frequency) power is used within the range 300 KHz to 3 MHz. 
Preferably the coupling means is a multiple turn, cylindrical coil antenna of uncoiled electrical length < X /4 
where X is the wavelength of the high frequency RF excitation energy applied to the coll antenna dunng 

35 plasma operation. , . » 

The present invention also encompasses means connected to the above antenna for tuning the antenna., 
to resonance, as well as load means connected to the antenna to match the input impedance of the source 
to the output impedance of the means for supplying RF energy for the antenna. The tuning means may be 
a variable capacitance electrically connected between one end of the antenna and RF ground. The load 
means may be a variable capacitance electrically connected between the other end of the antenna coil and 
RF ground. RF energy may be applied via a tap at a selected location along the coil antenna. 

In another aspect, the present system includes a dielectric dome or cylinder which defines the source 
region Preferably, the coil antenna surrounds the dome for inductively coupling the high frequency 
electromagnetic energy into the chamber. The article or subsUate to be fabricated can be located within ttie 
45 source region or dome, within or closely adjacent the volume or the bottom turn of the antenna, or 
preferably, downstream of the antenna. 

The present invention also includes means for supplying gas to the chamber which compnses a.^ 
i olet at the top of t he dome , a first ring manifo iri at the base of the dome source region, and a second nnfl . 
ri^anif ojd surrounding Ihrsubstrate support electrod e, for selectively supplying processing diluent, pas- 
50 sivation and other gases to the chamb eu 

nfTyeTanother aspecTof the present invention, an AC power supply and control system capacitively 
couples AC bias power, typically of the same or similar frequency as the source coil power, to a substrate 
support cathode, thereby effecting control of the cathode sheath voltage and ion energy, independent of the 
plasma density control effected by the source RF power. The system provides bias frequency selected to 
55 achieve a number of objectives. Rrst. the upper frequency limit is selected to prevent "current-induced 
damage (too high a frequency can cause charge-up damage to sensitive devices.) The lower frequency 
limit is selected in part to preclude "voltage-induced" damage. Lower frequency bias also yields higher 
substrate sheath voltages per unit bias power (less heating of substrates) and contributes less to plasma 
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densrty and thus affords better independent control of ion density and energy. However too low a t«as 

ion energies The result is a higher peak-to-average energy ratio and wider (double peak) ion eTr^ 
s STtSe br,rr '"^ ''""T^ ^'"^ *^'9e-up. inhibiting ion-!ndu«^ ^Z^^ Zg' 

r^Ji J ^"^"''^ P^""^- <^"^^"'«"«y. the preferred frequency ranges for satisfying fte 
conaderatwns correspond to the preferred source frequency ranges as described above 

The invention further includes control means for cyclically pulsing the DC bias voHaoe between low anrf 
high values selected, respectively, to form a passivation coating. Lh as a^Cr coSTon^ J2 
selected material on a substrate to be etched for providing a relatively lot ^rrlte rt^SB sub J2 
TO material, and a relatively higher etch rate and sele,SvKy fo? a second 12^^2-9 a tT^s^Z 
matenal overlying the substrate. ^ ^ second 

„mn«rTn?*' ^ ' "^^"""^ P^'^P '"ea"" Connected to the chamber 

proper and a second vacuum pump means connected to the dome, thereby establishing a v^rliMl o^sTe 

other aspects of the present invention Include a conductive. Faraday shield of different eonfiourations 

^ZZ ofT e,' r T,H ~" " ^^"'^""S means and the reactirchl^ ? 

coupling of the electnc field component of the high frequency electromagnetic energy into the chamtoT 

ion «??h ^kT' ^'""'"^ '"^^"^'"9 <^ °the' coup«ng'^^s^cS^?^- 

radiation of the high frequency energy into the chamber. ^.onceraraies 

,nn.'^^^r'f enhancement is supplied by peripheral permanent or electromagnet arrangements which 
apply a don rolled static magnetic field parallel to the axis of the antenna, selected from unJ^ lemS 
and magnetic mirror configurations, for controlling the location of and the transport 7!^ S 
26 downsfream relative to the substrate. Also, magnets may be mounted around the soul ^(1^ 

ptesma to the substrate region while substantially eliminating the magnetic field aaoss the subZte in 
addrtion a magnetic shunt may be positioned surroundLng the substrat^and the sub^^^^pSSide' 
for diverting any magnetic field from the substrate support electrode - electrode 

" reta^:;r:ircs: ^'""^ "^""^ '^^^^j^w^'^^^^^ 

In process aspects, the invention is embodied in a process for oenpratinn » 
aTjS^Tr r r ' ''^'^^ -9ion; .uppoSinra?ah^^^^^^ 
^ ILT^T K ^"PP'y'"9 processing gas to the chamber; electromagnetically W« 

T%- T '^..^^^"'^ ^<»"t~' *e plasma, sheath voltage at the substr^ support Soi 

the support electrode: and providing a source of silicon ions in contact with the plasma 

«n.o„ f'°^^^ ®"*=°'"P^^5®« 3c<=ording to further aspects automatically and iteratively tunina the 

In another aspect, the prg c_ess for generatin ga plasma c omprises erovidinga vacuum chamber havino 
scui«j_mid^r^^ reg^n aTdIn el^ S 

the source^igiSHr^^ process region, the walls of L chamber a^dlSe «ur<^ 

electrode electrically, with the processing region electrode being the cathode the walirLl^a *1 

" ''T'^^' °* ^'^^ ^--9 -'-ted fromTrou d fSng^S Z " DC 

bias; supporting an article to be processed on the substrate support electro<£: supplying pJo^essino 1 to 
he c amber; usmg a cylindrical coil antenna connected to means of providing RF ene^rgyTthTante^n^^ 
inductively coupling RF energy into the source region by means of the antenna for geneSting a plasma to 
process one or more materials on the article; and capacitively coupling RF energy into the chl^ter v^the 

and the like. Preferably the s.licon source is a third electrode located in the source region of the chambe' 

^r:^:::^:^^^ '° - - ^ ~ ^-hamber prSrc 

^ selelTeSlS^^^^^^^^^ ^ — - — - 

The present processing chamber is particularly usefujjQ r etchlno a layer of ^_s sc^'i material most 
particularly an oxygen^ontaining layer such as an oxide.^ying a nVo^rg^n coS^SSS 
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Specific process aspeOs "^"'""J^^^T^^^ in 0*1. lonMd 0«r 

aluminum ot other subslrates. hi a l; rale ' t~ i , || siBam; 

conductor, -.f >^,^2SS» ^S^^n.^ oxVn»^; 
anisotropic pltotoresrsl f W°« f „,L,- eichina metals. stKll as aluminum. Iiosstto 
isotr^^c contornal ^C^^^^ ■>^^ 

tion. 

DETAILED DESCRIPTION OF THE PRE FERRED EMBODIMENTS 
1. OVERVIEW 

10 for processing a ^^"^"^"^ !"^'^^%^'ZeiT coupie^ bias arrangemer^t and other , 
magnetically-enhanced ptesma s^^^^^ ^ ^ • 

aspects 01 the present .nvent,on. ^"^^^/'^^^^X^ ...Snations. The exemplary chamber is a 

''^ZZi ^Z^S6Tlu'S^Zr:eJ^ Spending incorporated European patent application 

0 modificaton of that depictea in me ^„^^ jhe salient features of the invention are applicable 

which include an integral transmission '^r^^^^' .J^.'Z^Z^^ °y those of skill in the__art and 
generally to plasma reactor chambers. '^"^^^^'T^^^.-'jl'^^^^^^^^^ enhance the perfor- ■ 

from the description below that vanous 'fl^^J^'^'^^'^^X ^^vely omitted from the system. For 
mance of the reactor system may be us^ Z^^''^^^^\^J^Zr J arrangement and capacltively t 

3S example, the process cond..ons P--^^^ ''J. ^g^etic enhancement. 

coupled bias source ^^^r^^^.^"*^! ^oo.^ '^'"'^ ^ ^"^'^^ 

The exemplary system 10 bottom walls \4 and 14. Anodized aluminum ,s 
other suitable matenal. havmo sidewaiis ^^ ana^»v q ..mi --i such as bare aluminum 

«, wHh or without a P'~»»*-"T " J," iX SSe orocessino section 16B defined beT^^n walls 12-12 
cerajaLoEesnaJSl^.l^^^^^^ 8 ^ ^ „ 6, conlijured «i a- 

2Si^!lJM£*5!=5^^ dielectric material suci, as, preleratly. quaru or 

'"^f 1^1" ™tert^ induSg al^ and alpha-aiumina (sapphire). In tire preferred arrange- 

several other dietetnc r""* . cyUndrical -all 17W ol dielectric soch as quanz ml . 

" r rt: m^:.rorm:m . ''■^^^^-^:z^zT:::r,r 

•^rrsSd in section „. t. chamher comp.™* ^J^^"^'— * ZT^I. 
" *f desChod in Sect^ 2 and depicted in nG. 2. P|f2«S^£i^^^^^£ 



EP 0 SS2 491 A1 



to <he chaniber 11. for example, typically from one or more sources of pressurized oas via a c«nr..*«r 

RF energy is supplied to the dome 17 by a source comprising an antenna 30 of at lea«t nno ~ ■. 

Preferably, tfw gas flow fromiha^hambfiiLsource section 16A is downward toward the c . 

processed,and is thSH^;;ifii;r Sia^^ ^"^jf ^ *^ 

man'i?5id3r;;;^be defined abouT^^ e cathode transii ^ sion line structure 32 bS^IS/^ 
on one side and the outer transmission line conductor 320 on the other and St^een I ch.mS! ^ ^ 
wall 14 on the bottom and a conductive pumping screen 29 on th^ tip 1^1 l^L?^^^ 
interposed between the vacuum manifold 33 ^.d the wafer pr^e sti^cha^^rTs L^^^^ " 
conductivle electrical path between chamber walls 12 and 1^0 0^ 000^ 3^ Tt^ r^" 
transmission line structure 32. The vacuum manifold 33 defines an annutL pumpTng cl^„erfortr5^' 
-ng uniform rad.al pumping of exhaust gases from the periphery of the substrrTlheTa^um Z 
communicates into the vacuum gas system line 19. The gas flow is atong paL 22 L^^^^^^^ 

lltT'^'''. '''' '""^ "^^'^^'^^ «2 ?nto the dome/l^e L^o/^^^^ 

manifold G3 radially inward toward the substrate 5. The overall gas flow is alono oaft M irSVh 

Chamber source section 16A toward the substrate 5. along path-§?fr?m^the1uKra^ thrLhV"*' 

29 -gat^ gas outlet m^^ ^-'^'on^^^ frJ S,e exhaurmtnifo^^^^^^ 

21. li snouia oe noted that the-conductive manifold screen 29 and the cathode transm 2*1^^1 

are optional. Typically..at the low end of the frei^uenci^s of Interest the wTv^enrf^^^^^ 

the transmission nne structure Is unnecessary ' " : ' wavelength is very long and. thus. 

Specifically, the antenna 30 is positioned outside and adiacent the rinm« 17 on^ ♦k^ . 

he7^r:^i;rir^;;^^ anlppT opnate magne tic field ^^d to e^^tn/^ 

electrons toward the substrate as described below. Optionally, but prefe^^br^ hii 
arrangement 41. FIQ. 1. comprising a source 42 and a bias matclg netwoTk 4^^^^^^ '""'^^ .'T 

substrate support electrode 32C for selectively increasing the plasma s^^^^^^ ^^ 
thus selectively increasing the ion energy at the substrate ^ ^ ^ 

A reflector 47. which essentially is an open-bottom box. encloses the antenna 30 at thP ton =.nH h 
but not at the bottom. The reflector 47 prevents radiation of the RF energyTnIo frL soace .^^^^^^^^^ 
concenuates the radiation and dissipation of the power in the plasma to enhatl SficTenr ' 
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As described in Section 8. optionally, one or more electromagnets 81-81 . FIG. 1, or permanent magneto 
are mounted adjacent ttie chamber housing 11 for providing a magnetic field for enhancing the density of 
the plasma at the substrate 5. for transporting ions to the substrate, or for enhancing plasma unifonnity. . 
As is described fully in Section 4. the invention uses the magnetic component of inductively coupled 

5 electromagnetic energy, typically at frequencies much lower than microwave or microwave-ECR fi«- 
quencies to induce circular electric fields inside a vacuum chamber for generating a plasma chaiactenzed 
by high density and relatively low energy, without coupling potentially damaging high power RF energy 
through the substrate 5. In the pr^fprr fid. illustrated downstream plasma source arrangement, the RF energy 
is .hcnrh^H romnte ffom the substratTWith high plasma deniity. ensunrtfl mat Uw wavw Uws nut 

,0 pTSSiQiteto the substrate and thus minimizing the probability of damage. Selectively, and optionally. RF 
bias energy is applied to the substrate support electrode 32C for increasing the substirate sheaJh voltage 

and. thus, the ion energy, as required. . ^ ^ . k m^^.-^ 

Chamber 16 is capable of processing substrates including semiconductor wafers, by deposition andAor 
e tching, using total chamber pressures of about 0.0133 Pa to about 6.6 kPa (about O.i miorr to aoQu, ^ 

,6 tS^oTand. for etching, typically 0.0133 Pa to 26.6 Pa (0.1 mtorr to 200 mtorr). The chamber can operate^ 
pressures < 0.66 Pa (< 5 mtorr) and. in fact, has nin successfully at 0.266 Pa (2 mtorr). However, higher 
pressures are preferred for certain processes because of the increased pumping speed and higher flow 
rates. For example, for oxide etching, a pressure range of about about 0.66 Pa to about 6.6 Pa (aboutS 
mtorr to about 50 mtorr) is preferred. Such relatively high pressures require close spacing between the 

20 source and the substrate. The chamber can operate successfully at very suitable, close spacing, d. between 
the substrate 5 and the bottom turn of the antenna 30 of about 5 centimeters (2 inches) without charge^jp 
damage to sensitive devices and. thus, is able to realize the advantages of such very close spacing: 
enhanced etch rates and selectivity: reduced bias voltage requirement and ion energy requirement lor a 
given etch rate; and enhanced etch uniformity across the substrate. For example, reducing the spacing, d. 

26 between the wafer 5 and the source antenna 30 from 10 cm (4 in) . (which itself is close spacing) to 5 cm (2 
in.) , has reduced the voltage requirement by haKand.has increased the uniformity from about 2S percent 
to about 1 percent. 

2. GAS PROCESSING SYSTEM 

As mentioned, the chamber incorporates multiple ^as injection sources G1. G2. G3. FIG. 2. for the 
purpose of injecting reaction, purge, etc.. gases, at different locations to enhance a particular proc^ 
according to the requirements of that process (etching, deposition, etc.) and the particular matenal(s) used 
in that process. First, the chamber includes a standard radial gas distribution system G1 ^t the penpheryj rf 
35 the basertwttom of the source region 1 68. In a presently preferred configuration, the G1 injection systern 
co mprises a quartz gas distribution nnfl - b 1 at the bottom of the source and a peripheral annular manifold 52 
defining a distribution channel which feeds gas to the ring. T he ring has inwa rd facing radial holes 53-53 
and. preferably, stepped sintered ceramic porous gas difluser plugs 54-54 inserted in the holes to prevent 

hollow cathode discharge. „ . ... ^ ^ . 

40 The second gas injection arrangement. 62. comprises a grounded or floatinfl or biased dome top pla^e 
17T of^ material such as anodized aluminum haviiig a carter gas inlet hole 56 filled with a porous ceramic 

^"^^^^mW^s injection source. G3. comprises a ring-shaped gas inlet manifold 58 mounted at tty 
ppfiph^n ^ »< ihe substrate 5 (or a gas inlet incorporated into the clamp ring (not shown) used to hold the 
4s substrate injjoation against the substrate support pedestal). 

jTretchir^To^ through oxide-containing layers, such as silicon dioxide, over a non-oxygen- 
contairfcCri^. including single crystal or polysilicon. desirably the silicon dioxide is etched at a much 
faster rate than the polysilicon or other substrate. Fluoride-containing etch gases are used as etchants. 
However since fluoride etchants normally etch materials such as silicon dioxide and polysilicon. for 
so example' at the same rate, the etch has little selectivity for oxide rather than silicon. However, during 
reactive ion etching, a protective polymer layer is formed on the sidewalls and bottom of the growing 
opening; such a polymer is formed from carbon and fluorine and generally contains about 30% of carbon 
and about 60% of fluorine. • w • . 

This polymer however is dissociated in the presence of flooring atoms. What would be desirable is to 
55 form a carbon-rich polymer containing over about 50% of carbon and less than about 40% of fluonne; We 
have found that if a scavenger for fluoride ions is placed in the reactor, fewer free fluoride ions are present 
in the plasma and fewer C-F bonds will be formed in the polymer film. Some success in prior art reactors 
has been obtained by adding a scavenger for fluoride ions to the plasma itseH. such as silane or 
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."torn; m« ,^ ^'^ .nJXM.cfbl. T^r^f f"""' J 

substrate to be iTMled. Fo, ax„„pte, , sIHm^ ^J™'* T ""' '""s" of to 

s>ispen<M«wto5iirtac.ofto!„bstta»TrrJ!!,^ f • " * sou™ can also ba 

Th. silicon sourca can also" pS ^sTcl to „^~^ "H^ Jlood* content „a, ,aa"it ~- - 

» ;»f<'»alempe,«u»,hat,illton,SJS^s»^a^„~r?'^^^^ 

wovidad in to reaction chamber. ' " ' lemperature ol to silicon source win also baw » be " 

35 trench is filled with another material'a; TLrJoo^J^ZT:!^ ' '''''''''' -'^^^ 

substratejhe opening in a substrate for axTmpSe ca^^^' i^l'^r" ^ "^^'"^ '''^ another In a 
oxygen. This requires careful control of the deD<» «o^ L« J 1 . "^''^^ "^ing silane and 

corners of the trench, or in the center of t7e ^eS T^^^^Vt^erThl^ ''"^^ voids ^ bottom 
addressed with respect to ECR processing. To a!l tlem i. T" "een 

«) trench away with argon prior to deposition i e fie«na ZT^TJ *° ^P"««' ^ «0P of the 

the top of the trench so that it can be md t'l^X^ ^ "'^ "^""^ °' °P^"'"9' thereby opert^ 
disadvantageous because very low pressures T u^^ .r""' ' "°*«v«'' ^CR pro^srg fe 
maintain a high ion density, ion densS^ nTECR is ^^h^" ' ''•'^^ " "^"^ (2 3 mto7 ' 

0.133 . 0.266 PA (about 1-2 mtorr) and JaJs oh ^.^h^? ^'^''"'^ » "•^imized at aboS 

s .™o,.ases.s.besip„^:rr^^^^^^ 

ECR but in a sl^pte, aS »7n* la«er' « 'fa '° - 

rasulate the inn dan.it, of to ganeralad pteama m W^sl . ^ operaUan and ability ^ 
present apparat^ „i,boat to need lor tog^ ItnTrier,!'',''"^'"'" " 
introduction 01 aaltabia amounts of silane. oxygen and a™,» i~!. ^ " W^W- to 

to. s n^ultaneousl, spu.ars oil to lop s;da„Tof to S Id «at: ? '°™ ' 

-o-mation ol voids »itnin to .1^ oxide depo. is ^ rCC^^S S re^ 
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deposition or filling inof the trench seTile^fd CT^J^hant and deposition species. pa«h.at ion 

same process to jointly enhance etch selectivity. 
3. DIFFERENTIAL PUMPING 

" :::t:rnih^°;c^:re^^^ ^--^^ Hn--^ ™ ^ 

desired substrate surface anSor (2) when fluorine radicals are formed .n the source region. 
4. RF POWER. ANTENNA AND BIAS SOURCES 

40 

1). To p or Antenna Source 

iJ^Sd fofefficiency of RF power coupling to the plasma. Suggested limits are given above. 



2). Bottom Of Bias Source 



50 



55 



ThP AC DOwer supply 42 for the substrate support cathode 32C. capacltively couples RF power to the 
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3)- Combined Operation of Antenna and Bias Source s 
TO A preferred feature of the Invention is to automaticallv varv the hnttom «f h,^ u« 

current densHies. and the lx.ttom power to define cathode shearvoTagf ^"^ ""^"^ 

enhanced or assisted systems are absent here, because t e ap^'^ I'gT^r,^ LTSelTT 
component of the RF field applied via the antenna 30 and any sfatfema3c field Jnnii2?K TT 
« are substantially paralte, to the electric field at the cathode. Th^uHerrro'E ftl 1h '^^^^^^^^^ 

A n^agnetK: shunt path fomr,ed with a high permeability material may be used t^a S^ra B f eW In th« 
source (upper chamber 16A) but not at the substrate y usea lo allow a B field in the 

35 4) Combination and Synchronism of RF Source s 

One optkml coo«9„allo« ap(,««* is u, eombine lh.se n«, RF ^TrcS tTZ^St^f^'T; 

operation. If a single frequency can be conveniently chosen ior Corlee rf 2? frequencies of 
However, if different frequencies are needed for the RF sources based on ih^ ^. 

operation appears to be independent of phase or frequency locking Sequences. 
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5. ANTENNA TUNE AND LOAD 
1) Tuning 

T,^.,. «» .n«n. 30 IS «-~d ,0 rescue, b, (') ^'"'cor^tSri."!^'^; W^J S 
capacitance-to-ground. ^^^r^.a«:fi<; the resonant frequency. As a consequence, it is 



75 



2) Loading 



20 



coo<,«*,. capacmv, o, in<««« loed means L can » -=^,;tSrat?rJS«^ 

Impedance 0. «« RF 9.ner«0, 31 «.<l •« ""-'^"^.^'m S„ o,^ ch^TofJ gl--" 

3eclaO » ». «a»e™«» ""»*^ poW 50 on ft. anttnni 



3). Tune and Load Circuits 



antanna 30 » tuna th.;a«.,ca to '^^H^ '^Snc? oTSTaiaodL^ po«< 9«!«a.<« 31 W . 
^^''"rLr3rcr^ttro ™ ~n rS^^^^n^an, T .a ....... c^^H^-ca -*hv 

:rj«%«««..P«.-"ichapP»as Rnnp^^«^.o«^^^^ ^ , 

l„ a preteoad comt.inal,on *°"V" "S'Zi.!^ SO^ndW oroond and fte load means L Is anofte, 
« elecic.% conneced t.ew,een on. end ° «» "^^^ ™ ^"^^^ end ol the ant«.n. and RF 9-«.nd. 
.arta... capacH«,c. 30 >*a a tap. ft« Is. I* • W W 

In this a„an9ement. ft. W '"P"" l^'".'^ °^ ,JLol Sea FIS. 8. Alt.:nalively. the RF power wt 
2: rprZed-afsltnU^, rd-Uon ^ «^ --l. capaoHanc L 
40 and the end of the antenna 30. as shown in FI6. 9. 

6. SOURCE/BIAS PROCESS CONTROL 

T,„ invanuon also inccpo...^ ^ dis^-, mat tne f ,V«:,17r.!TsSl^"^b^ 

bias voltage to a low value. 

1^ Pulse/Modulated Bias-Enh; .nr.ed Etch Rate and Selectivity 

Be.e.in9 to F-G. 10. tvpical.y the -ch rates^ .^^^^^^^^ -^T::^^: ^^^^^ 
bias voltage. Thus, increasing the bias voltage '""^'^^^^^V'^^^^^^^ silicon/polysllicon also 

the etch rates ol associated mater.als m 

increase with the bias voltage. Thus, the use oij^^^^'^^^ tmo^ut may be somewhat lower than the 
« Silicon dioxide etch rate ^'^ -"^jf ^« f^^^^^^^^^^ when etching silicon dioxide it 

oxide etch rate) is undesirably '^Q*'^^"^.;^^"^^' ''''3 of high DC bias voltages. V.. combined 

:,rjn"rr;:rrr:'Dt .las v,. tn.. ^ 
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selectivity. 



v.l« V, V, Tt, 1 h.^ P«l°*«"y PolsinS 0. mcKjulating the voltao. » . low 

v0iue, VI. vi IS ai or below the cross-over oolntA/oftania rq ctn ... ^»*»y^ w « luw 

deposition, yet is at or above ti,e oxide ZZT^Z^of^^' B9^Z.H T"^ '"^ ''''^ 

combined width of tt>e low voltaoe and th« h.nh „«if»nl I x P"'*® repetrtion rate or 

seconds, and aboutVs^d ^ ^ '"'^ ^^^P^^^^^'V- V. -225 V. about 0.1 



seconds, and about 1 second. 
^) P"3< Frequency Bias 



An alternative approach is depicted by DC bias voltage wave form 71 in FIG i5 a r.i.r , , 
IreouencI T, i p uiT, -T'. * '* ^mxsM Of mixed with the base radio 

etch proceeds unabated during the high voltage f^rtiohsof-LTiSr^^^ 



7. FARADAY SHIELD 



Consider the typical antenna 30 coil configuration with the load canaritnr i a* *h« • * 
Although vanous configurations of the Faraday shields 45S anH 4rp ^rl u. . 
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depicted in vertical cross-section in FIG. 1. The single or double wan apertured field surfaces 46. 47. 48 
extend around the top. inner (source) and bottom sides, respectively, ot the antenna 30 while a ground side 
49 (which may be solid) is positioned at the outside of the antenna 30. This configuration allows the axially-, 
directed, magnetic component of the em wave from the antenna 30 to induce closed loop electric fields in 

5 and parallel to the plane of the antenna 30. which generate the plasma. However, the shield 45 capacitovety 
shunts the direct electric field component to ground and prevents the direct electric field component of the 
high frequency electromagnetic energy from coupling to the plasma. Without the shield 45. the varying 
voltage along the antenna 30 would couple to the plasma in accordance with Maxwell's equations for 
capacitive displacement current coupling. This may induce non-uniformities and gradients m the plasma 

to density and In the energy awoss the substrate 5 and result in process non-uniformity and high energy 
charged particles. Faraday's Law expressed in integral form requires that a changing magnetic field through 
a surface results in closed electric fields in that surface. Maxwell's equations that describe the phenomenon 
in differential form specify that the curt of the induced electric field is proportional to the negative time rate 
of change of the magnetic field. For sinusoidal excitation, the curt of the induced E is proportional to the 

IS radiant frequency of the changing B field as well as its peak amplitude. „ ^ ^ 

In short a discontinuous or slitted or sectioned Faraday shield minimizes the shorting eHect of the 
shield on the changing em field from the coil, reduces eddy current losses, and allows coupling of the radio 
frequency, axially directed fringing magnetic field to the plasma for inducing closed loop electric fields 
which generate the plasma, but precludes direct coupling of the electric field (which varies along the 

20 antenna) to the plasma and. thereby, precludes any associated loss of plasma uniformity and process 
uniformity for high energy charged particles. 

8. MAGNETIC FIELD CONFINEMENT AND ENHANCEMENT 
2S 1) Confinement 

— — — ^— 4 
To reduce losses (decreased plasma density) at the walls 1 7W of the cylinder/dome source, a magnetic - 
arrangement is provided which generates a peripherai mular (sl)allow) field. Iri a preferred a"an9emerit. . 
shown in the FI6. 13 horizontal section representafion. this field Is provided by a. closely-spaced bucket 
30 or cyBndrical muHi-polar array of axially-oriented permanent magnets or electro-magnets J6-76 each of 
which is magnetized across its small dimensions to form a closed, alternating pole, penpheral -N-S-N-S- 
magnetic field B. The multi-polar array generates a multi-cusp magnetic mirror 77 at the dorne wall. - 
Alternatively, the array may be horizontal ring magnets. Such magnets reduce electron losses to the walls 
17W thus enhancing plasma density and uniformity without subjecting the substrate to magnetic fields. 
35 Optionally and similariy. permanent or electromagnets may be positioned in a multi-polar array around 
the lower chamber 16A. typically in the alternating pole north-south-north-south...north-south arrangement, 
to generate a multi-cusp magnetic mirror at the chamber walls. The magnets may be vertical bar magnets 
or preferably horizontal ring magnets, for example. Such magnets may be used to reduce electron losses to 
the walls, thus enhancing plasma density and uniformity, without subjecting the subsUate to magnetc fields. 
40 In addition, a radial array of magnets can be mounted on the top of the dome or on the top plate 17T of the 
cylindrical source to reduce tosses at the top. . «oo 

Referring to FIG. 3. in another aspect, the plasma in the substrate processing region 16B can be 
decoupled from the plasma in the generafing or source region 16A by positioning a generally planar gnd of 
magnets at the bottom of the source region/top of the processing region. The magnetic gnd comprises 
45 closely-spaced generally parallel magnetic bars 78-78 which, like the above-described bucket arrangement, 
are magnetized NS across their small dimension to provide a planar configuration -NS-NS-NS- magnetic 
field with the field lines originafing at one bar and terminating at the next. The resulting generally planar 
magnetic filter 79 across the opening 15 of the source confines the magnetic field to the plane/region of the 
plate and does not penetrate into either the source or substrate region, 
so Due to the relafionship F = qV x B, high energy/high velocity electrons in the source are bent back or 
repelled by this magnetic filter 79 to a greater extent than are ions, and are not able to penetrate to the 
substrate processing region. This reduces the density of high energy electrons in the processing region 
168 and decreases the plasma density in that region. The processing and source regions are decoupled. 
This filter magnetic confinement approach is particulariy useful for decoupling the plasma region in a 
55 compact system. That is. H is useful, for example, for providing a high radical density without high ion 
density at the substrate, while retaining compactness. In contrast, the conventional approach would require 
increasing the distance between the substrate and the source to the detriment of compactness. In one 
preferred arrangement, the filter magnetic confinement is implemented in a machined aluminum plate 
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'*"5LT!^' '"^S"^*^ therein. . 

used^e^T ""^"^ ^ -oneuc confinement arrangement can be 



6 2) Enhancement 



w 



15 



20 



25 



30 



35 



.avt^r t^ra :::ic!z::a!cr^^^^^^^ -<^. a. 

plane of the antenna coils and the eteLTlwt S ^'^^°^J°9°"^ »° ^nd through both the horizontal 
Preferably, as described belo^one ot^^Tee^SZ^^^^^^^ -dio frequency RF radiating antenna 

• Referring to RG. 14A a homooenou! ll? 4 """^'^ent or magnetic mirror, 

substrate 5 ly the magne,^ ^-81 r^t ' J^^i^^^^^^^ ^''^ °^''°9°-''y to the 

of ions to follow high frequency field SonT the i^, I^Jf f T *° '"Ability 
in the plasma over the sub Jate F^rmSurXln i concentrated 
tuned to resonance wHh the higMr^uencTeTeZ^^^^^ «^<^^ can be 

magnetic flux density and e anS m are fhe el^^lTfrnf h "^^^ ' ' ' ^ ' ^^^^^^ ^ the 

An axially c«vergent field 83 is CelT^^^heSly S ntur^l'' 
moment, the axial gradient of the magnetic field conve^ ci cufafJ^^^^^^^ T "magnetic 
energy and tends to drive the electrons and Ls r^thT^tl^ f '"^'^V to axial translational 
thereof. Diverging magnetic fields can 2^ us^Tp rth^el ZrJ^ 'I ""^'^^ "^ions 

regions and to concentrate the plasma at the substrate ' ^'^"'"^ 9^«'««"9 

f^P^^^^Z^^ «e.ds p_ by 

field ,n controlled fashion to increase the densi^^ tf,? Isma °^ '"'^o^ 

the preferred substrate position for maximum pLmaLr^T Jhi '"«9rietic mirror fields, 

bulge or cusp, to provide maximum plasma Ll^'lSmer""^^^^^ " ^^^"^ *° ^ « 

general buttX^rth^" r^rtr^the "^^"^ — - P^- 

permeability materials (such as nickel or stLTs^? i^vio- 1!- ^ ^'^^ "magnetic 

plane of the antenna but above the sub^l^l ^ ' '""^^ -"^S^^tt*) the 



3. Extraction 



An app^prt^e .nagn* c„ be «, e«,ac, ions «<, etec*™. „„ 

^ 9. CONTROL SYSTEM 

The Wo-n, *«Hpta» „e he. In ,„ ^ ^ 

^ Psps Power set point 

" """"""" at?.;=3Ya?X^^?/pVxr^ =~ - 

Pr« Reflected power 
50 |Z|: Magnitude of impedance 
<phi: Phase of impedance 
Tsp: Tune set point 
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10 



IS 



20 



Lsp: Load set point 

Tfb: Tune feedback (measured) 

Lfb: Load feedback (measured) 

FIG 16 is a block diagram of an exemplary system for controlling the various components including the 
DOwer supplies. Here, a system controller 86 is interlaced to the antenna power supply 31. an impedance 
bridoe 87 the antenna 30. a bias power supply 42. an impedance bridge 88. the matching network 43. and 
the cathode 32 The process parameters antenna power and DC bias, selected for ion flux density and ion 
energy are supplied as input to the controller 88. The controller 86 may also control other parameters such 
as gas"flow(s). chamber pressure, electrode or wafer temperature, chamber temperature, and others The 
controller 86 may preset initial tune, and load, conditionsby issuing signals on Tsp, and Lsp, lines 
connected to the antenna 30. The controller 86 may also preset initial tunaz and loadz conditions by issuing 
signals on Tspz and Lspj lines connected to the matching network 43. Typically, these conditions we 
selected to optimize plasma initiation (gas breakdown). Power may be applied first to either the antenna 30 
or to the cathode 32. or applied simultaneously to both. The controller 86 issues power set points on the 
Psp, line to the antenna power supply 31 and on the Psp: line to the bias power supply 42 simuKaneously 

or sequentially fin either order). . „ 

Avalanche breakdown occurs rapidly in the gas. generating a plasma. The controller 86 monitors 
forward power (P„) and reflected power (P,,) to/from the antenna 30. and monitors forward power (P«) and 
reflected power (P«) to/from the cathode 32. DC bias (cathode to anode DC voHage) is also monitored as 
shown by the controller 86. The conuoller 86 adjusts the coil tune, and load, parameters by issuing se 
points on lines Tsp, and Lsp,. based on either (a) forward power P„ and reflected power P„. or (b) 
i impedance magnitude :Zi; and Impedance phase <phi,. The bridge 87 furnishes ""Pedance magnrtude -, 
and phase angle information to the controller 86. The antenna 30 is matched when reflected power P^ 'S 
substantially zero and when" the impedance (magnitude and phase.: 2, Kphi) is the complex conjugate of 
the coil power supply output impedance. (The zero reflected power condition and the conjugate impedan«. 
condition occur simultaneously, so either reflected power may be minimized or impedance may be 
, matched with the same resuH. Alternatively. VSWR (voltage standing wave ratio) or reflection coefficient • 
may be minimized). The controller 06 adjusts the cathode 32 and the matching network 43 tunez and loadj 
parameters by issuing set points on the Tsp2 and Lspj fines, based on either (a) forward P<»«r P« and 
reflected power P« or (b) impedance magnitude : Zj : and impedance phase <phi2 . The bridge 88 furnishes 
impedance magnitude IZ^: and phase <phi, information to the controller 86. Matching occu^ wherv 
s similarly to antenna matching, reflected power P^ is essentially zero, and when impedance (magnitade and 
phase IZjKphiz) is the complex conjugate of the bias power supply 42 output impedance. The DC bias is 
monitored by the controller 86. which varies the bias power supply's output power to obtain the desired 
measured DC bias. The controller 86 subtracts the measured value of DC bias from the desired value of DC 
bias If the diflerence is negative, the bias power supply 42 output is increased. If the diHerence is positive. 
10 the bias power supply output is decreased (higher bias power supply output generates a more negative DC 
bias). Proportional, proportional-integral, or proportional-integral-derivative control or other control may be 

used in accordance with this method. 

Alternatively, instead of the preferred embodiment of adjusting bias power supply 42 output to maintain 
a constant DC bias, a constant bias power supply output may be used. 
45 In addition to the DC bias servo-matching technique discussed above, automatic tuning can also be 
accomplished by servoing to the peak-to-peak RF voltage. This latter approach may be advantageous, for 
example in certain etch processes which require sufficient conductive surface area in the cathode and 
anode to provide current to drive the instrumentation. The use of polymer coating techniques may passivate 
these conductive areas and prevent the current from saturating the instrumentation and obtaining a valid 
50 reading. In contrast, the peak-to-peak RF voltage approach is unaffected, especially at the low frequencies 
associated with the preferred frequency ranges. Measurements can be taken at the matching network 43 
close to the chamber rather than at the cathode. 

The controller 86 may be a central controller, or a distributed system of controllers. 
The turn-on/turn-o« sequence may be important for sensitive wafer device structures. Generally, it is 
55 preferred to turn the source on first and off last, since sheath voltage change is minimized with such a 
method. For some applications, it may be preferred to turn bias on first. 
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10. TRANSMISSION LINE STRunriiPc 



45 



50 



55 



axialAransmission line design r^JIesSra^^tS:^^^ P'^Per co- 

6 line from me matching neU.o .he wafer tTd a ZTT^J"'!^"'''' ' ^^"^'"'^'o" 
requirement is satisfied by the integral transmSion i nl l^J transmission line. This design 

the cathode 32C. concentric annl conduT^^ ^a^^^^^^^^ ""''"'T ' "^'^ ^^'"P"-^^* 

surrounds the cathode 32C and insulates thfcaSe f om r;"^^^ 321 which 

d-splaces process gases which otherwise migh, brtk down Fo^lv^'l^T ""^'^ ^20 and 

>o preferred because they have high dielectric S^JoTlTli^^^ "'"^^ ""Aerials are 

this structure Is connected to t'he matting t a^^^^rVJ^l ^ '"^ <^ 

32C and the outer conductor 320 provide Ipan^TcZBnZT^"^'^ '"^"'^'^^ "t^ode 

plasma. One reversible current path is frtm ti J^^^^ Pa*s between the matching network 43 and the 
32C to the plasma sheath at the chambl rj:^?^.™^^ P«"P^ery of the cathode 

« plasma along the upper inside section of the chaSS ia "s f^^^^^^^ ''''''^ P«th is from the 

screen 29 and via the inside of the outer conlctor 320 f the l^^^^^^ ^""^"^^ ^""^^^ -manifold 
manrfold screen 29 is part of the uniform radTal g^pum^^^^^^^^^ ^t^'!' '''^^^ exhaust 

During application of alternating current energy tS^R? cu nl . '^""^ ^'^^ 
shown and the reverse directions. Due to the SLll cable Z i 
» structure 32 and. more specifically, due to the htohertntern^JiJ^'^H °' transmission line 

outside thereof) and the higher impedance towS^^^^^^^^ surfa '"^ .h T"^ ^ 
mner surface thereof), the RF current is forced to he out su^ar« ^ k 

surface df the outer conductor 320. in the manne? of a TL^T ''^^'^^ ^^C and to the inner 

the RF current near the surfaces of the uS^^^ • f ^' *^«"smlssion line. Skin effect concentrates 

» Pam Jhe use of ^ge subsS^^toTex m^^^^^^ ^ ^ ^"^ 

and the commensurately large diameter cathode In i? 1 " " ^ '"'^^'es) in diameter 

effective cross-section, tow impedanctcurrrnfiS^^^^^^^^ 320. provide larje 

Also, if the co-axial-type transmissi«^ Zk^^^ the transmission line structure. :._ . 

<=;'--teris.ci^p,,ance''2me^^^^^^^^^^ 

0 Of the length of the transmission line. Howeve?. s^S no7thL cil L^'"* ^' '"^^P^ndent 

over a range of pressure and power, and compr^s lll,^ 

-mpedance Z, that the plasma pVesents Z S^W^S ^ ^ 'oad 

mismatehed from the non-ideal (i.e.. non toS fess WrL^^^ Because the ,oad Zrls 

transmission line will increase rLs^ive dSS ^ losTes Z^' 'l^''^ 
. matching network 43. Although the matching neto^ 4?Un ^us^^fT ^ and the 

subsequent losses from the input of the matching l^orb^k L .h« T waves and 

matching network 43. transmission line feed S and nii^f to the amplifier or power supply 42. the 
syjem that increase the resistive, diele^iret^^^^^^^ comprise a resonant 

network43.lns.r.thetoadimpedanceZ, wi.- '.^^rrhr;:: I" 

desi^edTrVSrer ^XT^ Tb^ - structure 32 is 

associated with the plasma operation TypicaHv fo tl «hn h . *° °' '°ad impedances 

bias frequency range approximately 0 3 to J^HeU^^^^^^^^ °P«^ating parameters (exampS 

-mpedance. Z,, presented by the plasma to the tlsSon r ^ load 

approximate range ,0 ohm to 100 oLs and a cap 2^:^^^^^^^ ' ^^-^«ance within the 

perhaps 400 pico farads. Consequently as the ootim?.m approximate range 50 pico farads to 

selected whfch is centered within the L mpedan^^ r^^^^^ characteristic impedance s 

. It is necessary that the transmission 11^ 32^ '0^^^^^^^^ 30 to 50 ohms, 

.mpedance that the matching networic sees PreferS the , ' '^^"^'^^-^ation of the plasma 

wavelength, x/4. and. more preferably, is at^ut (O 05 ,0^^ J^e transmission line is much less than a quarter 

conducT.So?Snr:^^^^^^^^^^^^ tension, of the return 

center conductor 32C. ^ diameter (cross-section dimension) of the 

n«ir3rioirr 2i4rrsr,,tsr " ^ --'^ 
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selected to suppress losses due to the presence of standing waves on the line between the plasma and the 
matching network; and (3) uses an outside conductor path cross-sectional dimension which is not 
substantially larger than that of ttie center conductor. 

6 11. CHAMBER TEMPERATURE CONTROL 

Temperature control features which may be incorporated in the reactor chamber system 10 include, but 
are not limited to. the use of a fluid heat transfer medium to maintain the internal and/or extemal 
temperature of the gas inlet manifolds above or below a certain value or within a certain range: resistive 
10 heating of the cathode 32C; fluid heat transfer heating or cooling of the cathode 32C: the use of gas heat 
transfer medium between the substrate 5 and the cathode 32C: the use of a fluid heat transfer medium to 
heat or cool chamber walls 12-14 and/or dome 17; and mechanical or elecUostatic means for clamping the 
substrate 5 to the cathode 32C. Such features are disclosed in commonly assigned U.S. Patent No. 
4.872.947. issued October 10. 1989. and commonly assigned U.S. Patent No. 4.842.683. issued June 27, 
}5 1989, which are incorporated herein by reference. 

For example, a recirculating closed loop heat exchanger 90 can be used to flow fluid, preferably 
dielectric fluid, through the block and pedestal of the substrate support/cathode 32C. as indicated 
schematically by flow path 91. to cool (and/or heat) the substrate support. For silicon oxide etching, 
dielectric fluid temperatures of. for example. -40 'C are used. As mentioned above, the heat transfer 
20 between the substrate 5 and the substrate support 32 is enhanced by an inert gas heat transfer medium 
such as helium at the substrate-support interface. 

The chamber walls and the dome can be heated and/or cooled by air convectkjn (blown air) and/or a 
dielectric fluid heat exchanger. For example, a closed circuit heat exchanger 92 recirculates dielectric fluid 
at a conUolled temperature ranging from heating to cooling, for example. + 120 • C to -150 • C. along path 93 
26 through the chamber sidewalls. Similarly, the dome sidewalls 17W and top 17T can be heated apdtor 
cooled by heat exchangers 94 and 96 which recirculate fluid along paths 95 and 97. respectively. 

In an ahernative dielectric heat control system, the antenna coil 30 is positioned between the double 
walls 17W of the dome, Immersed In the recirculating dielectric fluid. 

In another aHernative approach for dielectric fluid heat conVol of the dome, the coils of the arrtenna 30 
30 are encapsulated in high temperature plastic or TEFLON«. heat conductive thermal grease is applied 
between the encapsulated antenna and the dome, and the coil, which is hollow, is heated and/or cooled by 
flowing the dielectric fluid through the coil. Because RF energy is also applied to the coil and because of 
the proximity to the source plasma, the dielectric oil must have good dielectric and insulating properties and 
a high boiling point, in addition to having high specific heat and density for efficient heat transfer at 
3S acceptable flow rates. One suitable dielecUic fluid is Siltherm, available from DuPont. . 

12. THREE ELECTRODE CONFIGURATION 

Referring to FIG. 1. in a presenfly preferred embodiment, our chamber incorporates a unique, three- 
40 electrode arrangement which affords novel process control and enhancement The arrangement compnses 
a cathode (preferably the substrate support electrode 32). an anode (preferably the chamber side and 
bottom walls) and a third electrode which is (or includes) the dome top plate 17T. As shown in FIG. 1. the 
top electrode may be floating, grounded or connected to an RF power supply 40. The third electrode 
advantageously includes various configurations and can be formed of various materials: conductive matenal, 
45 preferably aluminum; dielectric-coated materials such as anodized aluminum; silicon or silicon-containing 
conductive material such as aluminum-silicon alloy; or may include a sacrificial silicon member 17S such 
as, but not limited to, a silicon wafer. 



so 



1) G rounded Third Electrode 

The grounded top plate 17T improves the ground reference surface for the bias voltage (relative to the 
conventional reference provided by the walls 12) and as a consequence enhances ion extraction from the 
source 16A to the processing region 16B and so increases process rates (such as etch rates). In addition, 
the grounded top plate improves the coupling of the plasma (generated in the source) with the wafer. 
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2) Biased Third Bactr»ri^ 



so 
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microloading of much greater than zero. Typically, one can expect to obtain no better than a 10:1 selectivity 
ratio coupled with about 0.1 miaoloading. However, there are many applications that require selectivity 
ratios as high as 30:1 or 40:1 , with microloading of near zero. 

5 2. Using Silicon in the Source Region 

For high density plasma sources, one of the dissociation products that etches polysilicon Is fluorine. 
Silicon may be used to rid the source region of free fluorine radicals. The silicon may be a coating on the 
third electrode 17T or on the inside walls 17W of the chamber. If the sacrificial silicon is on the walls, the 

10 thickness of silicon becomes a consideration together with the frequency at which RF energy is supplied to 
the plasma from the antenna 30. These parameters must be chosen to ensure that sufficient energy will be 
coupled electromagnetically through the chamber walls. H the silicon is incorporated into the third electrode 
17T. the silicon thickness is not critical. In any event, if silicon is made available to scavenge free fluorine 
from the source region, it can form volatile compounds that are readily removed from the chamber. 

75 The silicon scavenger material may itself become coated with polymer during the etch process; this 
polymer may be removed by heating to elevated temperatures or, by biasing the silicon electrically, 
increased bombardment of the silicon surface may take place so that the polymer is sputtered off the 
surface, thereby exposing free silicon again. 

20 Example 3. Etching Silicon Oxide over Polysilicon 

Silicon oxide over polysilicon was etched in our three-electrode chamber using pressure 0.266 - 4 Pa (2 
- 30 mtorr); gas chemistry flow rates CHFa. 30 • 60 seem: CO or CO2. 6 • 18 seem; and Ar, 100 - 200 seem 
(inlet manifold Gl only); source power of 2000 watts; bias voltage of 200 volts; top electrode 17T with a 
25 silicon disk 17S mounted thereto and biased by RF energy of 2 MHz and 1000 watts. The silicon oxide was 
etched at a rate of 800 nm per minute (8000 Angstroms per minute) with 50:1 selectivity of oxide to*, 
polysilicon. Alternatively, the silicon-containing body may be supplemented by a silicon coating on the ; 
quartz dome walls 17W. 

30 Examples 4-13. Etching Oxygen-Containing Layers over Oxygen-Free Substrates * 

A series of etch processes was carried out in the pre^nt reactor etching oxide-containing layers such 
as silicon oxide over a variety of non-oxygen-containing substrates. After patterning the oxide layer using ' 
conventional photolithographic techniques, etching using C2F6 was carried out in the present reactor using y 
35 a grounded third silicon electrode. The results are summarized in Table I below: 
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TABLE I 

Example Thickness of 
Silicon Oxide 



Substrate Selectivity 



4 500 - 1000 nm (5000-10,000 A) polysilicon 30:1 



5 500 - 1000 nm (5000-10,000 A) WSi 



PECVD 
Si3N4 



7 500 - 1000 nm (5000-10,000 A) LPCVD 

Si3N4 

8) 500 - 2000 nm (5000-20,000 A) TiN/Al* 

9 500 - 2000 nm (5000-20,000 A) Al 

10 500 nm (500O A) single 



25:1 

15:1 

15:1 
15:1 
30:1 
30:1 



* 0.2-300 nm (2-3000 A) 



cirystal 
silicon 



Another series of etches using CF< were perforiried except that borophosphosilicate glass (BPSG) was 
substituted as the oxide-containing layer. The results are summarized below iin Table II: 



TABLE il 



Example 


Thickness of BPSG glass 


Substrate 


Selectivity 


11 


500 - 1000 nm (5000-10.000 k) 


WSi 


30:1 


12 


500 - 2500 nm (5000-25.000 A) 


p + doped single crystal silicon 


30:1 


13 


500 - 2500 nm (5000-25,000 A) 


n + doped single crystal silicon 


30:1 



The selectivity can be adjusted by changing gas flows, source power and the silicon plate condition to 
optimize the selectivity for a particular silicon oxide or glass on a particular substrate. Selectivities of up to 
100:1 are achievable in the present reactor using a silicon scavenger for fluorine ions. 
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14. OTHER FEATURES 

1) Plasma Control 

6 A preferred feature of the invention is to automatically vary "bottom" power to maintain a constant 
cathode (substrate) sheath voHage. At low pressures (<66.5 Pa (<500 mton-)) in a Nh'; jy-^^^^ 
system the DC bias measured at the cathode is a close approximation to the cathode sheath voltage. 
Bottom" power can be automatically varied to maintain a constant DC bias. Bottom PO^^^^^^^lt 
effect on plasma density and ion current density. Top or antenna power has a very strong effect on plasma 

,0 density and on current density, but very small effect on cathode sheath voltage. Therefore. '< 

use top power to define plasma and ion current densities, and bottom power to define cathode sheath 
voltage. 

2) Differential Bias 

'* As an alternative to biasing the substrate 5 with respect to ground, the bias matching netwo* A3 and 
the top plate 17T can be "ungrounded" and referenced to one another, as '"dicated by the dott^ 
connection 50. FIGS. 1 and 2. Referring to FIG. 2. the top plate is driven differentially and balanced so that 
the voltage Vt-ss between the top plate and the substrate is approximately twice *e magnrtude of the 

20 voltage Vt-w between the top plate and the wall 12. and approximately twice the magnrtude of the voKage 
w between the substrate and the wall. This balanced differential drive reduces the .nteraction of he 
pSma with the walls and increases the interaction, ion extraction, between the source region 16A and the 
processing region 16B. 

as 3) AHernative Configurations 

The inventive plasma reactor system is depicted in FIG. 1 in the conventional orientation that is 
vertically, with the substrate 5 residing on an electrode 32 (cathode) and the antenna 30 surrounding the 
dome 17 above the electrode. For convenience, it was referred to the power supplied to the antenr« 30 as 
•antenna- or "source or "top" power and that supplied to the electrode/cathode 32 as b.as^or bottorn 
Dower These representations and designations are for convenience only, and it is to be understood ttiat me 
described system may be inverted, that is. configured with the electrode 32 on top and an antenna located 
below this electrode, or may be oriented in other ways, such as horizontally, without modification. In shor^ 
the reactor system worths independently of orientation. In the inverted configuration, plasma may be 
generated at the antenna 30 and transported Upwardly to the substrate 5 located above the antenna in the 
same manner as described in the specifications. That is. transport of active sp«:ies occurs by d'^^^'O" 
bulk flow or optionally assisted by a magnetic field having an axial gradient This process does not depend 
on Gravitational forces and thus is relatively unaffected by orientation. The inverted orientation may be 
useful, for example, to minimize the probability of particles formed in the plasma generation region .n the 
qas phase or on a surface, falling onto the substrate. Gravity then reduces the probability of all but the 
smallest of such particles moving upward against a gravitational potential gradient to the substrate surface. 

4) High and Low Pressure Operation and Variable Spacing 

Our chamber design is useful for both high and low pressure operation. The spacing, d. between the 
substrate support cathode 32C and the plane of the bottom coil or turn of the antenna 30 -^^V to tailored 
for both high and low pressure operation. For example, high pressure operation at 66.5 Pa - 6.65 kPPa (500 
mtorr - 50 torr) preferably uses spacing d S of about 5 centimeters, while for lower pressure operation over 
the range <0 0133 Pa - 66.5 Pa (< 0.1 mtorr - 500 mtorr). a spacing d of over 5 centimeters may be 
preferable. The chamber may incorporate a fixed spacing d, as shown, or may utilize variable spacing 
designs such as interchangeable or telescoping upper chamber sections. The reactor system 10 is useful 
for processes such as high and low pressure deposition of materials such as silicon oxide and silicon 
nitride- low pressure anisotropic reactive ion etching of materials such as silicon dioxide, silicon nitride, 
silicon polysilicon. glass and aluminum; high pressure plasma etching of such materials: and CVD faceting 
involving simultaneous deposition and etchback of such materials, including planarizaton substrate 
topography These and other processes for which reactor system 10 may be used afe^^scnbed in EP 
appSon 91112905.4 entitled VHF/UHF PLASMA PROCESS FOR USE IN FORMING INTEGRATED 
CIRCUIT STRUCTURES ON SEMICONDUCTOR WAFERS", filed on July 31. 1991. in the name of the 
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appHcant and which is Incorporated herein by reference. 
1 5. APPARATUS EXAMPLES 



conftTn C^rP^'Tte 7:T-,^Z''T """^ ^^"^Suratton and the antenna 
30.48 cm (12 inches). T^eTMl^ M oiYn, naSl:' , *'T.f ""^ ''^'^ « °» 

is terminated at J ends (wT^^bt cawc^^^^^^^^^^ ^""'"''^ ^^'^ ^" ^^^^^^ 

(about 0.25 inch) from (below) trQmund ni?nr«nrc ^ ^ ^ 

supplied by the Lable cStor L ?iSin nv , ^ "^H!^ "'Etching is 

.he anten^ to reson^n^ceTZdVjryT^^^^^^^ (S^d''^^^^^^^^^^^^^^^ 

ion saturation cur rert of IC^tf m^^^^^ ^ ' ' ^'"''^^ °' '"^ ^O"^*^'^' ^ 



16. PROCESSES 



Chemical .spo, dsposlilon (CTOl fi^MrlTl , ?" I""™ '^"'"O' 

ccofom,* ^opl^S!S^^'^^'^^^f^'^°",.'^ planarizatlc. and high prassu™ 



Claims 



1. A plasma etch process comprising r . . ' - . . : : : 

a) providing a vacuum chamber for generating a^plasma ' . " 

b supporting an article to be processed on an elecirode in the chamber 
c supplying a fluorine-containing etch gas to the chamber 

2. acc^ih, » c«n, , wha-m ,h, al«con ^ i. a«„„e. ,„ „e p,^ ^ ^ ^ 

7. An etch process according to claim 6 wherein said 



4. 



5. 



oxygen-containing material is silicon oxide or glass. 
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An etch process according to any one of the preceding claims, wherein a passivating polymer 
containing more than 50% of carbon and 40% or less of fluorine is formed on the substrate. 

A carbon-fluorine-containing polymer containing more than about 50% by weight of carbon and 40% by 
weight or less of fluorine. 
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